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Graphene-based electrodes with high gravimetric and high volumetric capacity simultaneously are crucial 
to the realization of high energy storage density, but still proved to be challenging to prepare. Herein, we 
report a three-dimensional porous graphene/Co aerogel with hierarchical porous structure and 
compressible features as a high-performance binder-free lithium-ion battery anode. In this composite 
aerogel, graphene nanosheets interconnect to form continuous macropores, and cobalt nanoparticles 
stemming from decomposition of cobalt salt not only react with carbon atoms of graphene to form 
nanopores on the graphene nanosheets, but also increase the conductivity of the aerogel. With efficient 
ion and electron transport pathways as well as high packing density, the compressed porous graphene/ 
Co electrode exhibits significantly improved electrochemical performance including high gravimetric and 
volumetric capacity, excellent rate capability, and superior cycling stability. After compression, such 
a porous graphene/Co nanocomposite can deliver a gravimetric capacity of 900 mA h g™! and 


3 


a volumetric capacity of 358 mA h cm™% at a current density of 0.05 A g™*. Furthermore, after 300 


discharge/charge cycles at 1A gh, the specific capacity still remains at 163 mA h cm5, corresponding 


to 90.5% retention of its initial capacity. 


1. Introduction 


The increasing concern of environmental issues and the 
depletion of fossil fuels urgently require the development of 
clean and high-efficient energy conversion and storage tech- 
nologies.” Lithium ion batteries (LIBs) have been drawing great 
attention both from academic and industrial communities 
because of their superior advantages over other secondary 
batteries including high energy density, low maintenance, and 
relatively low self-discharge.*° The electrode materials are the 
critical components of LIBs and largely determine their ulti- 
mate performance. Graphite has been widely used as an anode 
material in current commercial LIBs; however, its low theoret- 
ical capacity (372 mA h g~') and poor rate capability cannot 
satisfy the increasing demands.®” Thus the research for alter- 
native anode materials with better electrochemical performance 
has become an urgent task in building next-generation LIBs, so 
as to meet the ever-growing performance requirements.*” 
Graphene, a one-atom thick two-dimensional carbon mate- 
rial, possesses a number of distinct properties for electro- 
chemical energy storage, such as large theoretical specific 
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surface area, excellent electrical conductivity, outstanding 
mechanical strength and elasticity, superior thermal conduc- 
tivity, high chemical stability, and so on.*** In addition, recent 
studies have reported that graphene can be easily prepared in 
large quantities through a chemical method from inexpensive 
graphite.**** However, according to current research progress, 
bare graphene exhibits low reversible specific capacity and poor 
rate performance especially at high current densities.*®*° For 
example, at a current density of 50 mA g`+, the specific capacity 
of graphene was found to be 540 mA h g`*, and this was 
increased up only to 730 and 784 mAh g *, respectively, even by 
the incorporation of CNTs and fullerenes.*° Moreover, the 
measured specific capacities of graphene materials prepared by 
various methods in different publications vary greatly because 
of their different structures,” to which relatively little atten- 
tion has been paid. Furthermore, due to the strong 7-7 inter- 
action between graphene nanosheets, the graphene flakes are 
easy to aggregate to form graphite-like powders or films with 
dense layered structures, leading to a severely decreased surface 
area and reduced ion diffusion rate, and therefore unsatisfac- 
tory capacities and low discharge/charge rate.”°** More impor- 
tantly, although the gravimetric capacity is a very important 
factor to evaluate electrode materials for LIBs, the volumetric 
performance is another key figure-of-merit to consider for 
practical applications due to limited spaces for batteries.”*** 
Unfortunately, at present most efforts have been focused on 
increasing the gravimetric capacity of graphene, while fluffy 


graphene powder with ultra-low packing density inevitably gives 
rise to low volumetric capacity. Consequently, it's important to 
rationally design the structure of graphene to simultaneously 
achieve high gravimetric and volumetric performances while 
retaining excellent rate capability. 

Recently, several studies have demonstrated that metal 
nanoparticles can be employed in anode materials to enhance 
electrochemical properties.*”** Furthermore, we have demon- 
strated that metal nanoparticles can react with carbon atoms of 
graphene to form porous graphene at high temperatures.* 
Given these, in this present work, we designed a 3D hierarchical 
porous graphene/Co (PG/Co) composite aerogel to seek better 
electrochemical performance using a simple hydrothermal 
method and subsequent thermal treatment. Graphene nano- 
sheets connected with each other to form a 3D framework with 
continuous macropores, and cobalt nanoparticles not only 
increase the conductivity of the hybrid aerogel, but also can etch 
graphene to form nanopores, constituting a hierarchical porous 
structure. More importantly, the as-prepared monolithic gra- 
phene aerogel can be simply compressed to be a free-standing 
film-like electrode with a packing density 17 times higher than 
the one before compression. As expected, the compressed PG/ 
Co aerogel with a high packing density and efficient ion trans- 
port pathways can deliver high gravimetric (900 mA h g *) and 
volumetric capacity (358 mA h cm *) simultaneously, and also 
shows good rate capability and cycling stability. This green 
strategy can be easily expanded to the rational design of other 
porous graphene hybrids with various applications. 


2. Experimental section 
2.1 Preparation of the PG/Co aerogel 


Graphene oxide (GO) was synthesized from natural graphite 
flakes by oxidation with KMnO, and H,SO, using a modified 
Hummers method.*® PG/Co aerogel was prepared by the 
hydrothermal assembly of GO, followed by immersion into 
cobalt(1) nitrate solution, and subsequent freeze-drying and 
thermal treatment. In a typical experiment, the as-prepared 
graphite oxide was dispersed in de-ionized water to form a 3 mg 
mL! dispersion. The complete exfoliation of graphite oxide 
into GO was achieved by ultrasonication of the solution for 
30 min. Subsequently, the obtained suspension was treated by 
high-speed centrifugation (8000 rpm, 20 min) to remove any 
unexfoliated graphite oxide. Afterwards, 30 mL of homogeneous 
GO suspension was sealed in a 50 mL Teflon-lined autoclave 
and maintained at 180 °C for 12 h. After naturally cooling down 
to room temperature, the as-prepared hydrogel was immersed 
in 40 mL of cobalt() nitrate solution (3 g/200 mL) for 6 h. After 
that, the sample was freeze-dried overnight, followed by 
thermal treatment at 800 °C for 1 h ata ramp rate of 10 °C min“! 
under an Ar atmosphere. 

For comparison, we also prepared a bare graphene (G) aer- 
ogel and graphene/cobalt nanoparticle (G/Co) composite aero- 
gel with no hierarchical pores via the same procedures. In the 
case of the bare G aerogel, the graphene hydrogel was directly 
freeze-dried after hydrothermal treatment without immersion 
into cobalt nitrate solution. In the case of the G/Co aerogel, the 


cobalt nitrate immersed aerogel was annealed at a lower 
temperature of 500 °C for 1 h, during which cobalt nano- 
particles barely react with graphene to form pores. 


2.2 Sample characterization 


The morphology and microstructure of the as-prepared G, G/Co 
and PG/Co aerogels were investigated using a field emission 
scanning electron microscope (FESEM, S-4800, Hitachi, Japan) 
and an FEI Tecnai G2 F20 transmission-electron microscope 
(TEM) at an accelerating voltage of 200 kV. Powder X-ray 
diffraction measurements were recorded on an AXS D8 Advance 
diffractometer with Cu Ka radiation at 40 kV. Thermogravi- 
metric (TG, Pyris Diamond, Perkin-Elmer) analysis from room 
temperature to 700 °C at a rate of 10 °C min * in air was con- 
ducted to calculate the weight percentage of cobalt in the PG/Co 
aerogel. X-ray photoelectron spectra (XPS) were recorded by 
using an AXIS ULTARDLD spectroscope from Kratos. Raman 
spectra were recorded by using a Renishaw inVia Reflex Raman 
Spectrometer, with a 532 nm-wavelength laser. The electrical 
conductivity of the samples was measured using the standard 
4-point contact method. Nitrogen adsorption/desorption 
measurements were carried out at 77 K in Micromeritics ASAP 
2020M instrument. 


2.3 Electrochemical characterization 


The electrochemical behaviors of the samples were examined 
with a CR2032 coin cell through two methods. In the first 
method, the paste was prepared by mixing the active material 
and poly(vinylidene fluoride) (PVDF) in N-methyl-2 pyrrolidi- 
none solution. The weight ratio of active material : PVDF was 
9: 1. Then the slurry was cast on nickel foam and dried in 
a vacuum oven overnight for next evaluation. In the second one, 
the final aerogels were mechanically compressed to form thin 
discs, which can be directly used as binder free electrodes. 
Finally the cells were assembled in an argon-filled glovebox 
using a glass fiber filter paper (Whatman Grade) as the sepa- 
rator, and 1 M LiPF, dissolved in a mixture of ethylene 
carbonate and dimethyl carbonate (1:1, by volume) as the 
electrolyte. The mass of the active material is 1-2 mg cm~”. The 
galvanostatic charge/discharge tests were carried out within 
a voltage range of 0.01-3 V on a cell testing system (LAND 
CT2001A, China) at various current densities. Cyclic voltam- 
metry (CV) and electrochemical impedance spectra (EIS) were 
recorded using a Solartron 1400 cell test system. All the elec- 
trochemical data were calculated based on the total weight of 
the graphene/Co composite aerogel including the mass of the 
cobalt nanoparticles. 


3. Results and discussion 


A schematic illustration of the formation process of the 3D 
hierarchical porous PG/Co aerogel and the compressed elec- 
trode is shown in Fig. 1. In a typical procedure, graphene oxide 
(GO) was homogeneously dispersed in water by sonication, 
reaching a concentration up to 3 mg mL’, followed by self- 
assembly at 180 °C to form a 3D graphene hydrogel via 
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Fig. 1 Schematic of the preparation process of the 3D hierarchical 
porous PG/Co aerogel and the compressed PG/Co electrode. 


a hydrothermal process. The as-obtained gel was then 
immersed into an aqueous solution of Co(NO3)., with the 
purpose of uniform distribution of cobalt(n) nitrate in the gra- 
phene networks. Afterwards, the hybrid hydrogel was dehy- 
drated via a freeze-drying process to maintain the monolithic 
structure and subjected to thermal treatment at 800 °C in an 
inert atmosphere to obtain the PG/Co aerogel with the 3D 
hierarchical porous architecture. During the annealing process, 
cobalt(11) nitrate decomposed to form cobalt nanoparticles, 
which then locally etched graphene basal planes to form 
nanopores, and the graphene aerogel was further reduced at the 
same time.” Finally, the hybrid composite aerogel can be 
greatly compressed to form a binder-free film-like electrode 
with high packing density. It's worth mentioning that the 
nanopores in graphene sheets are large enough to function as 
the ion diffusion shortcuts between different layers of gra- 
phene, which can facilitate the access of the electrolyte to the 
internal electrode and greatly speed up the ion transport. This 
unique structure makes it possible to achieve high volumetric 
capacity while retaining high gravimetric capacity and excellent 
rate capability. 

Fig. 2a presents the representative X-ray diffraction (XRD) 
patterns of G and PG/Co aerogels. The broad 26 peak corre- 
sponding to the (002) diffraction peak of reduced graphene 
oxide can be observed at 25.8° in both XRD patterns of G and 
PG/Co aerogels. Moreover, it's notable that new peaks at 26 = 
44.7°, 51.8° and 76.8°, assigned to the planes (111), (200) and 
(220) of metallic Co,” respectively, can be seen in the XRD 
pattern of the PG/Co aerogel, demonstrating the formation of 
cobalt and the reduction of GO. The mass percentage of cobalt 
in the PG/Co is measured by TG analysis (Fig. 2b). It is proposed 
that only Co30, (15.1 wt%) remains after the calcination of the 
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Fig.2 (a) XRD patterns of the G and PG/Co aerogel. (b) TG curve of the 
PG/Co aerogel measured from room temperature to 700 °C at 
a heating rate of 10 °C min“ in air. (c) Photograph of the PG/Co 
aerogel showing its magnetism. 


PG/Co aerogel at 700 °C in air due to the oxidation of cobalt 
nanoparticles.** Therefore, the weight percentage of cobalt in 
the 3D hierarchical porous PG/Co aerogel is calculated to be 
11.1 wt%. More interestingly, the PG/Co aerogel exhibits 
magnetic behavior because of the cobalt nanoparticles, as 
shown in Fig. 2c. 

The detailed morphology and microstructure of the as- 
prepared G, G/Co and PG/Co aerogels were further character- 
ized by SEM and TEM. As shown in Fig. 3, we can see that G and 
PG/Co aerogels show an interconnected, porous 3D graphene 
framework with continuous macropores in the size range of 1-2 
um. More importantly, a significant amount of Co nanoparticles 
and nanopores appear on the surface of graphene sheets in the 
PG/Co aerogel (Fig. 3b), indicating a hierarchical porous struc- 
ture. Moreover, the high resolution SEM image in Fig. 3c further 
clearly reveals the mesh structure of the aerogel with an irreg- 
ular pore size of ~100 nm, which is expected to facilitate the 
access of electrolyte into the entire structure and better lithium 
ion transport kinetics. However, the same mesh structure 
cannot be observed in the high resolution SEM image of the G/ 
Co aerogel (Fig. 3d). TEM characterization further demonstrates 
differences between G/Co and PG/Co aerogels. For the PG/Co 
aerogel (Fig. 3e), plenty of nanopores with diameters of ~100 
nm, and cobalt nanoparticles with sizes of 50-100 nm are 
clearly observed, consistent with SEM results. However, in the 
G/Co sample, only Co nanoparticles with diameters of ~20 nm 
distribute uniformly on the surface of graphene, and no nano- 
pores are obviously observed (Fig. 3f). According to our previous 
report,” the pores are formed due to local oxidation of the 
metallic ad-atoms followed by C-atom dissociation through C-O 
formation, therefore some energy is needed to initiate the 
reaction. In the case of preparation of the G/Co aerogel, when 


Fig.3 SEM images of G (a), PG/Co (b and c) and G/Co (d) aerogels, and 
TEM images of PG/Co (e) and G/Co (f) aerogels. 


a low annealing temperature of 500 °C was chosen, cobalt 
nanoparticles could barely react with graphene to form pores. 
However, the PG/Co aerogel was prepared at a much higher 
temperature of 800 °C, which is enough to initiate the formation 
of the nanopores. PG/Co with such nanoporous structures is 
expected to have an advantage over G/Co in terms of electro- 
chemical performance, which will be discussed later. 

Fig. S1ł displays the Raman spectra of the G, G/Co and PG/ 
Co aerogels. They all display a typical D band (1346.4 cm *) and 
G band (1599.4 cm“), corresponding to disordered structures 
(D band) and the first order scattering of the E,, mode (G band), 
respectively. The differences are reflected in the intensity ratio 
of the D to G band (Ip/Ic). The Ip/Ig value of the PG/Co aerogel is 
1.15, whereas 0.98 and 1.03 for G and G/Co, respectively. The 
increased Ip/Ig ratio may be ascribed to more defects in the PG/ 
Co due to nanopores on the surface of graphene, which is in 
good agreement with SEM and TEM results. XPS analysis was 
also used to characterize the G, G/Co and PG/Co aerogels 
(Fig. S2). From the C1s spectra of the three aerogels, we can see 
that most of the oxygen functional groups are removed 
successfully after thermal treatment. Moreover, all O1s spectra 
of the three aerogels show similar curves, indicating no CoO, or 
other impurities in the G/Co and PG/Co aerogels. 

To study the electrochemical performance of the 3D hierar- 
chical porous PG/Co aerogel as the anode material for LIBs, we 
used two methods to evaluate its properties. First one is the 
conventional test method, in which the PG/Co aerogel and 
PVDF binder were mixed to form a slurry and cast on nickel 
foam. Fig. 4a shows galvanostatic charge/discharge profiles of 
PG/Co, G/Co, and G for the first cycle at a current density of 50 
mA ¢ ‘ within a cut off voltage window of 0.01-3.0 V versus Li*/ 
Li. For the graphene electrode, the capacity above 0.5 V may be 
ascribed to lithium insertion/extraction from the defects, such 
as pores or the edge sites of graphene.** The capacity below 0.5 V 
is mainly due to lithium intercalation into the graphene layers, 
while the absence of the potential plateau is caused by elec- 
tronically and geometrically non-equivalent Li ion sites.” The 
large irreversible capacity can be observed for all three samples, 
which is a common phenomenon for carbon materials due to 
the formation of solid electrolyte interface (SEI) films on the 
surface of active materials.*°*° The first discharge and charge 
capacities are 1654.5 and 565.3 mA h g * for the G aerogel, 
whereas, 2208 and 673.9 mA h g™* for the G/Co electrode. The 
increased capacity of G/Co compared with G is mainly ascribed 
to the Co nanoparticles which can increase the electrical 
conductivity of the host material.7°* The PG/Co electrode 
exhibits an even higher first discharge capacity of 2455.7 mA h 
g * and a reversible charge capacity of 896.9 mA h g *. The 
further increased capacity of the PG/Co may be attributable to 
the synergetic effect of the unique hierarchical porous archi- 
tecture and the Co nanoparticles. The cyclic voltammograms 
(CV) of the G, G/Co and PG/Co aerogels were also tested. As 
shown in Fig. S3,f the G/Co and PG/Co electrodes show similar 
CV curves to that of the G aerogel, which also matches well with 
previous research.** No peaks of other impurities are observed, 
demonstrating that graphene is the only active component in 
the electrode. 
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Fig. 4 (a) The initial charge/discharge curves of G, G/Co and PG/Co 
aerogels before compression at a current density of 50 mA g™!. (b) 
Discharge capacities of the three electrodes between 0.01 and 3.0 V 
with increasing current densities. 


Another significant improvement of the hierarchical porous 
PG/Co electrode for LIBs is its superior rate capability. As shown 
in Fig. 4b, it is noted that the PG/Co aerogel shows much higher 
specific capacities than G and G/Co over all current densities 
especially at high current densities. The PG/Co electrode can be 
reversibly discharged to 905 mA h g™* at a current density of 
0.05 A g*. When the current density increases to 0.2, 0.5 and 1 
Ag ", its specific capacity still remains at 680, 568 and 478 mAh 
g~t, respectively. Even at a high current density of 2 A g~*, the 
specific capacity of the PG/Co electrode is still as high as 385 mA 
h g_*. However the corresponding capacity of the G electrode is 
only 152 mA h g+, and 248 mA h g“* for the G/Co aerogel. The 
capacity retention for the PG/Co aerogel with increasing the 
current density from 0.05 to 2 Ag * is as high as 42.5%, whereas 
the capacity retention of the G and G/Co electrode is only 26.6% 
and 34.2%, respectively, indicating much improved rate capa- 
bility for the hierarchical porous sample. When the current 
density is turned back to 0.5 Ag’ * after cycling at different rates, 
a capacity of 513 mA h g™* can be recovered for the PG/Co 
aerogel, which implies good reversibility. It should also be 
mentioned that the G/Co shows better rate capability compared 
to the G electrode (Fig. 4b), demonstrating that the metal 
nanoparticles in the aerogel can enhance the electrochemical 


performance of the electrode, which is consistent with previous 
studies.*° 7 

To investigate the mechanisms contributing to the superior 
rate capability of the PG/Co aerogel, electrochemical impedance 
spectroscopy (EIS) was performed for G, G/Co and PG/Co elec- 
trodes. Fig. S4t shows the Nyquist plots of the three electrodes, 
and the inset is the equivalent circuit. In the circuit, R, repre- 
sents the electrolyte resistance, CPE represents the nonideal 
capacitance due to the surface roughness, while Rsry and Ret 
stand for solid electrolyte interface (SEI) resistance and charge 
transfer resistance, respectively.“ The related parameters 
calculated from EIS are summarized in Table S1.f The value of 
Rsrı and Re for the G aerogel was calculated to be 96.9 and 285.6 
Q, respectively, and the corresponding data for the G/Co elec- 
trode are 73.4 and 148.1 Q. As for the PG/Co electrode, they are 
drastically reduced to 54.2 and 105.1 Q, respectively, demon- 
strating the enhanced kinetics of Li’ and electronic transport. 
This substantial decrease of charge transfer resistance allows 
easy accessibility and transportation of the electrolyte through 
the surface. Moreover, the hierarchical porous structure can 
also increase electrode-to-electrolyte contact and reduce ion 
diffusion length, resulting in excellent rate performance. 

To further demonstrate the superiority of the PG/Co aerogel 
in practical application, the three aerogels were mechanically 
compressed to form the film-like electrodes, which can be 
directly used for testing without the binder and current 
collector. The electrical conductivity of the compressed PG/Co 
aerogel is as high as 1896 S m~’, and 1638 S m™* for the 
compressed G/Co aerogel. However, the electrical conductivity 
of the compressed G aerogel is only 756 S m“’, indicating that 
Co nanoparticles could increase the conductivity of the host 
film. In addition, the packing density of the PG/Co aerogel can 
be increased up to 0.38 g cm * from 0.022 g cm ® after 
mechanical compression as shown in Fig. 5a. From the top-view 
SEM image of the compressed PG/Co aerogel (Fig. 5b), we can 
see that plenty of nanopores distribute uniformly on its surface, 
which is beneficial for the access of the electrolyte to the interior 
of the electrode. Moreover, the graphene sheets are so thin that 
the Co nanoparticles underneath can also be seen clearly. The 
cross-sectional SEM image (Fig. 5c) shows that the macropores 
in the PG/Co aerogel completely disappear after compression, 
and the compressed PG/Co film has a layered structure and 
a uniform thickness of ~10 um. Many cobalt nanoparticles 
distributing homogeneously within the film can also be 
observed. A cross-sectional SEM image with a higher resolution 
(Fig. 5d) clearly reveals the co-existence of cobalt nanoparticles 
and nanopores with a similar size in the graphene matrix. The 
nanopores generated by etching of graphene with Co nano- 
particles at high temperatures are beneficial for the penetration 
of electrolytes and diffusion of Li ions within the entire film. 
Meanwhile, the existence of Co nanoparticles disturbs the 
parallel and dense stacking of graphene sheets which usually 
occurs in pure graphene films, giving rise to extra gaps and 
voids for ion diffusion. The cross-sectional views of compressed 
G and G/Co aerogels are also provided for comparison (Fig. 5e 
and f). Both samples show a dense layered structure with no 
observable nanopores, significantly different from the structure 


Fig. 5 (a) Photograph of the PG/Co aerogel before and after 
compression. (b) Top-view SEM image of compressed PG/Co aero- 
gels. (c and d) Cross-sectional SEM images of PG/Co after compres- 
sion. Cross-sectional SEM image of G (e) and G/Co (f) after 
compression. 


of the PG/Co film. The Co nanoparticles in the G/Co film are 
barely distinguishable as their size is much smaller than that in 
PG/Co, therefore they are not capable of preventing dense 
restacking of graphene sheets under pressure. Meanwhile, Co 
nanoparticles are not able to etch graphene sheets under the 
experimental conditions. Thus, the dense layered structure is 
formed after compression of G/Co, similar to that of pure gra- 
phene film. 

Nitrogen sorption isotherms of the three samples were also 
measured to better understand their structural changes before 
and after compression (Fig. 6). All three samples have similar 
isotherms before compression, including a similar pore struc- 
ture of the three aerogels. After compression, the isotherms of G 
and G/Co change significantly, suggesting severely reduced 
porosity. The isotherms of PG/Co after compression, however, 
almost overlap with those before compression, which evidently 
confirms that most of the interior surface of the PG/Co aerogel 
is still accessible after compression. More quantitatively, the 
specific surface area of G, G/Co and PG/Co aerogels before 
compression is 433.5, 405.6 and 387.1 m? g~t, respectively. After 
compression, the surface areas of the G aerogel and G/Co aer- 
ogel decrease enormously to 199.4 m° g * and 239.3 m° ¢*, 
respectively. The surface area of the compressed PG/Co film, 
however, still remains at 378 m° ¢ *, almost equal to that of the 
original aerogel. The change of the pore volume of the three 
samples before and after compression has a similar trend to 
that of the specific surface area. Before compression, the pore 
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Fig. 6 Nitrogen adsorption and desorption isotherms of G (a), G/Co 
(b) and PG/Co (c) aerogels before and after compression. 


volume of G, G/Co and PG/Co aerogels is 0.961, 0.889 and 0.859 
cm? g™*, respectively. It decreases dramatically to 0.256 and 
0.267 cm? g~t for G and G/Co aerogels, respectively, after 
compression, while the compressed PG/Co film still has a high 
pore volume of 0.818 cm? g *. It's the nanopores on the gra- 
phene sheets and Co nanoparticles in the PG/Co aerogel that 
prevent the formation of a dense layered structure after 
compression, leading to no significant change in the specific 
surface area and pore volume. 


Fig. 7a shows the rate performance of the three compressed 
electrodes based on gravimetric capacity. As expected, the 
gravimetric capacity of compressed G and G/Co aerogel reduces 
significantly due to the dense layered structure which signifi- 
cantly blocks the diffusion of the electrolyte. The discharge 
capacity of the compressed G aerogel decreased to 362 mA h g™* 
from 592.5 mA h g™* at 0.05 A g`t, and from 756.4 to 453.2 
mA h g`™* for the compressed G/Co aerogel. However, the 
gravimetric capacity of the compressed PG/Co aerogel is still as 
high as 900 mA h g™* at a current density of 0.05 A g *, having 
no capacity loss compared with the sample before compression. 
The excellent rate capability of the PG/Co aerogel can also be 
well preserved after compression. At a current density of 2 A g7*, 
its discharge capacity still remains at 355 mA h g~t, very close to 
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Fig. 7 (a) Rate performances of G, G/Co, and PG/Co compressed 
electrodes evaluated by gravimetric capacities. (b) The volumetric 
capacity of the three aerogels before and after compression at 
a current density of 50 mA gt. (c) Cycling performance and 
coulombic efficiency of the compressed PG/Co electrode at a current 
density of 1 A g™. 


the capacity of 385 mA hg * before compression, mainly due to 
the nanopores in the PG/Co film that facilitate the access of ions 
to the entire electrode. As their densities are enormously 
increased when the aerogels are compressed to thin films, the 
volumetric capacities of all three aerogels increase significantly 
after compression (Fig. 7b). The compressed PG/Co aerogel 
exhibits the highest volumetric capacity among the three 
samples due to efficient ion and electron transport pathways as 
well as high packing density. The volumetric capacity of the 
compressed PG/Co aerogel at a current density of 0.05 A g * is 
358 mA h cm *, more than twice that of the compressed G/Co 
and almost three times that of the compressed G aerogel. This 
volumetric capacity is also higher than that of the reported 
anode materials based on carbon nanomaterials, such as 
carbon nanotube/graphene nanocomposites,** and carbon 
nanotube/polyaniline nanocomposites.** Moreover, the 
compressed PG/Co aerogel can still retain a high volumetric 
capacity of 163 mA h cm? (corresponding to 429 mA h g+) 
after 300 cycles at 1 A g™* (Fig. 7c), corresponding to 90.5% 
retention of its initial capacity, demonstrating excellent elec- 
trochemical stability. The coulombic efficiency is near 100% 
throughout the cycling from the second cycle. The remarkable 
electrochemical performance of the compressed PG/Co aerogel 
mentioned above is undoubtedly ascribed to its unique struc- 
ture. The interconnected graphene sheets provide a high 3D 
conductive network, and the creation of nanopores on the 
graphene sheets can further benefit the diffusion of electrolyte 
ions between different layers of graphene and facilitate the 
access of ions to the interior surface, which enable the 
compressed PG/Co aerogel with both high gravimetric and 
volumetric capacities. 


4. Conclusions 


In summary, we have successfully fabricated a 3D monolithic 
PG/Co hybrid aerogel as a compressible anode for LIBs. The 
cobalt nanoparticles in the aerogel not only etch the carbon 
atoms of graphene to form nanopores, but also increase the 
conductivity of the aerogel. The unique 3D hierarchical porous 
structure facilitates transportation of the electrolyte, fast ion 
diffusion and electrochemical reaction simultaneously. There- 
fore, the resulting PG/Co aerogel exhibits higher capacity and 
better rate capability, compared with the bare G and G/Co aer- 
ogels. More importantly, the PG/Co aerogel can be mechanically 
compressed as a film-like electrode with a high packing density 
of 0.38 g cm~*. It's the nanopores on the graphene sheets and 
Co nanoparticles in the PG/Co aerogel that prevent the forma- 
tion of the dense layered structure after compression, which is 
beneficial for penetration of electrolytes and diffusion of Li ions 
within the entire film. Therefore the compressed PG/Co elec- 
trode exhibits high gravimetric (900 mA h g7*) and volumetric 
capacity (358 mA h cm *) simultaneously, as well as excellent 
cycling stability. This facile synthetic strategy will promote the 
rational design and preparation of porous graphene based 
materials for electrochemical energy storage and beyond. 
Furthermore, the achievement of such new LIB electrodes can 
open up exciting opportunities for mobile power supply in 


a wide range of applications, such as portable electronics and 
electrical vehicles. 
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